INTRODUCTION
Electromagnetic transmission systems at microwave frequencies and higher are evolving toward the use of more and more bandwidth to carry more information. This study concentrates on a possible limitation to extremely wide bandwidth coherent transmission systems, the dispersion of rain scattering media. The study was conducted by considering a particular problem, the change in shape of a short pulse as it propagates through the rain-filled medium. Two models of a rain volume were used, one representative of heavy rain, the other of extremely heavy rain. These rain models were selected because it was anticipated that only at the extreme rain rates would pulse distortion be a problem. The results of the computations bear out the expectation. The major effect of rain scattering is to cause attenuation. At very large bandwidths, greater than 2 GHz, pulse lengthening gets to be larger than 2. 0 percent for frequencies in the 4. 0 to 15. 5 GHz range for rain rates in excess of 196 mm/hr and propagation distances of the order of the largest distance possible in heavy rainstorms.
II. METHOD USED TO COMPUTE PULSE SHAPE
The shape of a pulse traveling through a dispersive medium is given by the The resultant integral theorem for the frequency difference, (r, then is CO CO +(t, p) = \ \ a(t', 0) exp {-i2ir(f -f ) t' + i2ir(f -£ ) t + 2w£ t -i2-rrfn(f)p} dt 1 -co -co i2irf c t ®_ = e \ a (cr, 0) exp {i2iT(rt -i2irp(/? (er)} der -co = a(t, p) exp {i2*rrf t} c
The pulse shape used for this analysis was taken to have a truncated Gaussian spectrum a(<r, 0) = exp{-7T(-) }, |<r| < I cr I = 2. 5 GHz a ii i m i o = °' 1*1 > I'm I ' Using this pulse shape and a power series expansion of the phase function about the carrier frequency, the equation for the pulse shape is
This equation cannot be integrated by the usual approximate techniques for the region of interest, t -A p and p small. In this region, the argument of the integral is well behaved and the integral can be readily computed using numerical techniques.
The total energy contained in the pulse is also computed as:
This integral can also be evaluated by the same techniques as for the pulse shape.
A numerical integration was performed using a sum of five-point Gaussian quadrature integrations, each for a subinterval of the range -cr to a . The ^ ° mm number of subintervals was chosen such that the pulse attenuation Att = 10 log 10 [e(p)/ E (0)] varied by less than 0. 01 percent for any further subdivision of the interval and such that the pulse shape, a(t, p), varied by less than 0. 01 percent as a function of time for a given distance over the values of time used to compute the pulse length,
in. DESCRIPTION OF THE SCATTERING MEDIUM
The phase function for the rain scattering medium was computed using an effective index of refraction for the medium. Both the real and imaginary parts of the effective index of refraction of the scattering medium were computed using Mie theory to calculate the effect of a single scatterer and then using single scattering theory to sum the effects of all the scatterers. The effective index of refraction is given by Van de Hülst. The maximum linear extent of the rain cells that would produce the modeled rain rates is of the order of 25 km for 49. 0 mm/hr and 10 km for 196.3 mm/hr. The rainstorm models used for this study consist of assuming the rain rates and drop-size distributions are homogeneous through the entire storm volume and the rain drops are all at 18°C. These assumptions are required so that the effective index of refraction for the medium computed above will apply to all parts of the volume .
The calculated values of the index of refraction of the medium for different frequencies are given in Figs. 2 and 3. For calculations of pulse shape, it is convenient to have an analytical description of the variation of the index of refraction with frequency. The method used to describe this variation for the rain scattering medium was to expand the phase function in a power series about the carrier frequency.
The values A. and B. were found using a least square fit to calculated values Tables 1 and 2. A rough estimate of the frequency band that will produce the maximum distortion can be made using the refractivity and attenuation vs. frequencyplots. The pulse shape equation may be rearranged to give cr m
where
In this form it is evident that the only contribution to the change in shape of the pulse magnitude vs. time curve comes from the phase function terms with subscript higher than 2.
The attenuation coefficient is related to the phase function by This means that any curvature evident in the attenuation coefficient vs. frequency curve will give rise to pulse distortion. Since the refractivity is related to the real part of this phase function divided by the frequency, the interpretation of this curve relies more upon locating higher order changes in curvature. From an examination of Figs. 2 and 3, it can be expected that the maximum pulse distortion will occur in the 2 to 10 GHz frequency band.
It is also expected that the distortion effects at the 196. 3 mm/hr rain rate will far exceed those at the lower rain rate.
IV. RESULTS OF COMPUTATION
The parameters of interest for pulse propagation are the loss of total energy of the pulse and the change in pulse shape. The pulse shape is characterized by a pulse length that is taken as the time delay between points on the pulse magnitude curve that are at 0. 707 times the maximum pulse magnitude.
The bandwidth of the pulse is also taken as the reciprocal of this pulse length.
The pulse length was determined from plots of the pulse magnitude showing values of time either side of the peak value. Typical pulse magnitude curves are shown in Fig. 4 . In this figure the magnitude of a(t, p) is given for different values of path length and transmitted pulse width.
The pulse length was computed as a percent of the transmitted pulse length. The accuracy of the pulse length computation depends upon the method used to locate the peak of the pulse and the slope of the pulse magnitude curve at the 0. 707 point. The peak was taken as the highest value of the set of points calculated. In each case, the position of the peak may be off by as much as one-half a time interval. Referring to the pulse magnitude curves, the change in pulse height over this interval can be as much as 0. 5 percent.
This can cause a maximum error of about one-sixth a time interval in finding pulse length, or an error of less than 1. 3 percent. The calculations of both 8 pulse length and pulse attenuation are given in Tables 3 to 6. In general, the results show that the prime cause of signal degradation is attenuation. The monochromatic attenuation for the carrier frequency is 146 dB for 15. 5 GHz and 384 dB for 34. 86 GHz for the higher rate and the 10 km path. The pulse attenuation for low values of bandwidth is identical to the monochromatic attenuation. For a 3. 64 GHz bandwidth at 15. 5 GHz the decrease in pulse attenuation was only 9 dB, resulting in an overall loss of 137 dB. These large losses far overshadow the changes in pulse width that occur and in currently practical systems, the rain medium does not constitute a bandwidth limitation to coherent transmission systems.
For the two lower frequency bands considered, 4. 0 and 8. 0 GHz, attenuation does not limit pulse transmission so severely. The total pulse attenuation is only 32. 7 for the 8. 0 GHz carrier and 2. 37 dB for the 4. 0 GHz carrier at the higher rain rate, for 3. 64 GHz bandwidth, and a 10 km path length. The percent pulse length increase for these two cases are 57 and 12, respectively.
For the lower rain rate 25. 0 km and the same bandwidth, the results give 26. 6 dB pulse attenuation and 10 percent pulse length increase for a 8. 0 GHz carrier and 3. 0 dB pulse attenuation and 14 percent pulse length increase for a 4. 0 GHz carrier.
The percent pulse length change, distance variation, is depicted in Figs.
5 to 7 for the cases for which the change exceeds 2 percent. It is noted that for the larger bandwidths and carrier frequencies of 8. 0 GHz and 15. 5 GHz, the change of percent pulse length change gets larger with increasing bandwidth after a particular value of range or a critical distance is reached. The pulse attenuation results for these bands further show that after the critical distance is reached the pulse attenuation curve deviates markedly from the monochromatic attenuation curve. The critical distance can be considered the distance at which the pulse begins to distort. This distance decreases with increasing bandwidth. Using a critical distance criterion for the onset of pulse distortion, the results show that for both 8. 0 and 15. 5 GHz, 
